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Abstract--A linear electrical network can be described in a convenient way by means of the node equations. This letter presents a universal formula which expresses any network function as the quotient of two determinants. The determinants belong to matrices derived from the indefinite nodal admittance matrix z The main objective of an analysis of a linear circuit is to obtain some information on a network function. Analysis programs, such as ECAP [l 3, compute the modulus and argument of a network function frequency by frequency. Other programs, such as CORNAP [2] , [3] and ANP3 [4] , compute the poles, zeros, and gain factor of a network function. This approach is advantageous when a large number of points are wanted on a frequency response curve. The placing of the poles and zeros is also of great interest in many problems; for example, in filter design.
No renumbering is performed when rows or columns are deleted. The operations previously given may appear in different combinations, e.g., Y(R, + R,, C, + C,)::: perform the row operation R, + Rq, the column operation C, + C,, delete rows s and p, and delete columns s and r. Compute the determinant.
III. THE GENERAL FORMULA
A characteristic for programs like CORNAP and ANP3 is that the poles and zeros are computed directly by means of eigenvalue techniques. The addition and subtraction of polynomials and computation of roots is thus avoided, and it should be avoided as it can give rise to serious numerical instability [5] .
z (the indefinite admittance matrix) is modified as follows. 1) Perform the row operation R, + RQ and the column operation C, + C,.
CORNAP and ANP3 are representative of the state-variable analysis formulation and the nodal analysis formulation, respectively. The state equations are difficult to establish but straightforward to solve, and conversely, the nodal equations are easily formulated but more difficult to solve.
2) Delete row s and column s.
3) For a voltage source, delete row p and column p. For a current detector, delete row r and column r.
The determinant of the final matrix is the denominator of the network function. y is modified as follows. 1) The same as 1) for the denominator.
2) The same as 2) for the denominator. 3) Delete row p and column r. The determinant of the final matrix is the numerator of the network function.
Sign
The sign is determined by the numerator. Let p' and r' be the actual row number and column number of row p and column r after execution of (2) . The sign of the network function is then the sign of (-l)(P'+r') In the following, we describe a new formula, which is used in ANP3 for computation of network functions, including Z,r and Yz r, by means of the two-sets-of-eigenvalues technique. The matrices, the determinants of which are computed, are, in general, different from the corresponding matrices used in [8] .
The formula is valid also in the following degenerate cases. 1) node q = node s: three-terminal two-port function; 2) node q = node s where this node is isolated: one-port admittance; and 3) nodep = node r and node q = nodes: one-port impedance. For some source:detector configurations, the universal formula leads to superflous row and column operations. These operations can be easily avoided, however, in a computer implementation.
II. DEFINITIONS AND NOTATION
A network function is defined, by a source/detector configuration. Fig. 1 shows the network connected to a voltage or current source S at nodes p and q, and connected to a voltage or current detector D at nodes r and s. The signs and arrows define the voltage polarities and current directions assumed in the formula.
In the following, the notation that will be used is 
IV. DERIVATION OF THE FORMULA
In the derivation, we need the well-known properties of the indefinite admittance matrix and the following lemma which is valid for a general square matrix. Proof: As the relations are quite analogbus, only the first one is proved.
we have K(C, + C,),, = Kqq -K,,. b) Assume q > s. In this case, the cofactors of the decomposition change signs, and the proof is unchanged.
Transfer Function Z2 1 fn Fig. 2 , node p, q, r, and s are different (two-port function), or node q = node s (three-terminal two-port function). Note ,yy = (0;~~,z;~~,-z;~~,0)=.
Perform the row operation R, + R, such that 
Transfer Function I, 1
Add yL to the original circuit, as seen in Fig The removal of row and column r means that node r is grounded and thus connected to node s. y,, = +A = (-l)(~'+r') Y(R, -) Rg, Cp -+ C,>$ : (4) s Y(R, + 4, C, + CQXf,:
One-Port Impedance Z1 1
Cramer's rule gives immediately Fig. 2 ).
This expression is equal to (1) when nodep = node r and node q = node s. (see Fig. 4 ).
(6) z' is derived from E by adding a zero row and a zero column corresponding to node q (= node s). That is, II,'" = Y, and furthermore; (-l) The formula has lead to a very efficient organization of the twoiets-of-eigenvalues circuit analysis program ANP3 developed at the Technical University of Denmark.
